SUMMARY
INTRODUCTION
The photosynthetic reaction center (RC) from the purple bacterium Rhodopseudomonas (Rps.) viridis (with recently proposed taxonomic name: Blastochloris viridis) serves as a model system for proton coupled electron transfer (ET) processes across the membrane. It comprises two membranespanning L and M subunits, a cytoplasmic H subunit and the periplasmic tetraheme cytochrome (cyt) c subunit, which is tightly bound to the RC (Fig. 1) . The structure of the RC is known in atomic detail from crystallographic studies (1, 2) . The 14 cofactors bound to the RC subunits are involved in light-driven proton coupled ET through the membrane protein complex, leading to reduction and protonation of the membrane-soluble quinone (3) . Quinone-oxidation taking place at the cyt bc 1 membrane protein complex establishes a proton gradient across the membrane, which is converted to chemical energy at the ATP synthase complex. The electrons are returned back to the RC by the periplasmic soluble electron carrier cyt c 2 that is supposed to bind to the C chain of the RC, probably close to the outermost heme group to reduce the oxidized hemes (4).
In the cyt c complex of the Rps. viridis RC, electrons are transferred through a linear chain of lowhigh-low-high potential cyt c hemes (heme number 4 -3 -2 -1) to the special pair chlorophyll dimer where photo-oxidation takes place (5, 6) . The redox potentials of the four heme groups were determined by various experimental approaches (5) (6) (7) (8) . Accordingly, the midpoint potentials of hemes 1 to 4 are at 370, 20, 300 and -60 mV, respectively (7) . All midpoint values are considerably Heme proteins can be found in a diverse array of enzyme families. This is due to the ability of the heme system to function as a binding and transport site for small molecules or electrons, or as a catalytic principle of an enzyme active site. Hemes are redox active groups that are particularly versatile and challenging in the understanding of function. Their central iron atom can be coordinated by a variety of different axial ligands. Hemes may change their redox and protonation state in a concerted way involving the two covalently attached propionic acids (PR). This widens the scope to tune heme redox potentials in proteins enormously and opens the possibility that heme can play an active part in coupled electron and proton translocation processes. A prominent system where it is likely that heme catalyses such processes is cyt c oxidase (10) (11) (12) .
Several features of protein architecture give rise to modified redox cofactor properties. Most of them rely on electrostatic interactions. These are investigated intensively by structural analysis and mutational studies, as well as by theoretical approaches based on electrostatic models (13, 14) .
Theoretical work on heme proteins was performed before by several groups (see for example Refs. 15, 16, 17) . Gunner and Honig calculated the redox potentials of the hemes in the Rps. viridis RC (15) . Using a crude heme charge model and two conversion factors to adjust the redox potentials calculated for model systems in aqueous solution to the respective experimental values, they achieved acceptable agreement with the redox potentials measured for the hemes in the RC (see Table 1 ). Furthermore, they calculated the protonation pattern of the RC protein side chains but did not consider it in the calculation of the heme redox potentials and also neglected the influence of the solution redox potential. Ullmann used a heme charge model based on density functional calculations and pointed out the importance of coupling between the protonation and redox pattern in his work on cyt c 3 (17) .
Here, we also used a charge model derived from quantum chemical calculations, but calculated the wave functions in the Hartree-Fock approximation and used the RESP procedure (18, 19) to generate charge sets for the hemes, which harmonize with the charges of the CHARMM22 force field (20, 21) that we used as the main body of atomic charges. We determined the heme redox potentials as well as the protonation pattern of all titratable residues by calculating the difference in electrostatic energies between heme model systems in solvent and in protein environment from the solutions of the linearized Poisson-Boltzmann equation (13, 14, 22, 23) and by applying a Monte Carlo (MC) titration method to generate the equilibrium protonation and redox pattern (24) .
In this paper, we first present our computational results concerning the heme redox potentials and the protonation pattern of the titratable groups and discuss differences in the results obtained with different crystallographic structures of the RC. In the second part, we focused on the interactions between heme groups, giving values for the so-called working potentials (i.e. the actual midpoint potential at a given solution redox potential) of the hemes as a function of the solution redox potential. Next, we investigated general factors of the protein environment that influence the heme redox potentials, followed by a detailed analysis of the interactions of specific charged protein side chains with the porphyrin ring system and the heme PR groups. Thus, the outstanding role of the PR in these interactions was revealed. Finally, we generated a model structure of a mutant RC (25) and reproduced the measured redox potentials to further validate our approach.
METHODS
Coordinates. For most calculations, the crystal structure of the Rps. viridis RC at 2.3 Å resolution was used as reported by Deisenhofer et al. (1, 2 ; PDB entry 1prc). In that crystal structure the Q B binding pocket, which lies within the lower part of the L chain, does show a low occupancy, but that was considered to be uncritical in our application, which focuses on features confined to the cyt c part of the RC. All water molecules and sulphate ions were removed from the structure. The four missing C-terminal amino acids of chain C (Ala-Ala-Ala-Lys) were added. Hydrogens were placed using the HBUILD (26) routine of CHARMM22 (20, 21) . The resulting structure was energetically minimized keeping all atoms that are defined by the crystal structure in fixed positions. After a first titration procedure, the energy minimization was repeated considering the actual average protonation pattern by using fractional degrees of protonation and the resulting net charges for the titratable groups where necessary. The resulting structure (termed 1prc-H-titrated) was used for all further calculations unless otherwise noted.
For reasons of comparison the crystal structure reported by Lancaster et al. (27; PDB entry 2prc) was also used and subjected to the same procedure as described for the 1prc structure. This crystal structure was solved at 2.45 Å resolution, but shows a markedly higher occupancy within the Q B binding pocket. Atom positions within the cyt c part are nearly identical in both structures, except for a few solvent-exposed side chain atoms. These have zero occupancy in both structures and have been placed in the model building process to complete the respective side chains. Inspection of these side chains in the 2prc structure showed some geometrically unfavorable peculiarities (see Results and Discussion). Therefore, we decided to use the 1prc structure for the main body of our study. In order to use the 2prc structure in a more sensible way, a restrained simulated annealing molecular dynamics (MD) simulation was performed to optimize the positions of the crystallographically 4 undefined side chain atoms within and close to the C chain in the 2prc structure (see the Supplemental Material for details). The structure of the RC mutant C264-RK (25) was modeled by replacing the arginine side chain at position 264 of the C chain with that of lysine in the 1prc structure. The positions of the Lys-C264 side chain atoms and all hydrogens within 5 Å of these atoms were energetically optimized while all other atom positions were kept fixed.
The atomic coordinates (including hydrogens) of all structures used for our computations can be found on our web server (http://agknapp.chemie.fu-berlin.de) as 1prc-H, 1prc-H-titrated, 2prc-H, 2prc-H-titrated, 2prc-H-annealed and 1prc-C264-RK-H.
Atomic partial charges. Amino acid partial charges were taken from the CHARMM22 parameter set (21); non-standard charge states for some titratable groups (Arg, Cys, Lys, Tyr, C-ter, N-ter) not available there were used as calculated before (16) . Fractional degrees of protonation needed for the optimization of hydrogen positions after a first titration procedure were accounted for by using atomic partial charges that were obtained by linear interpolation between the charges for the fully protonated and fully deprotonated state of the corresponding molecular groups.
Redox active cofactors of the RC, which are positioned downstream of the special pair (i.e.
accessory bacteriochlorophylls, pheophytins, quinones and non-heme iron center) were only accounted for by using the neutral (reduced) charge set as calculated by Rabenstein et al. (28) . These were treated as non-titratable (charge invariant) groups during the electrostatic calculations, since they are located too far away from the hemes to influence their redox behavior significantly. Charges for the special pair bacteriochlorophyll dimer in its oxidized and reduced state were calculated using the program GAUSSIAN98 (29) . The quantum chemical calculations were performed in HartreeFock approximation with an STO-3G basis set for all atoms, considering the isoprene tails only as methylester groups. For the special pair, charges derived from Mulliken population analysis (30) were used, except for isoprene tail atoms, which were assigned to have zero atomic partial charge each.
A detailed protocol for the derivation of the heme charges can be found in the Supplemental
Material. In brief, the PR were treated as separate titratable groups that interact only electrostatically with the heme pyrrole ring system. Charges for the PR were assigned using the partial charges of the Glu side chain from the CHARMM22 force field. The wave functions of the hemes and their axial ligands were calculated with the program JAGUAR (31), using the Hartree-Fock method and a 6-31G* basis set for all atoms except iron, whose transition metal identity was taken into account by using the LAVCP basis set. The program RESP (18, 19) was used to derive atomic partial charges that reproduce the electrostatic potential obtained from the quantum chemical wave functions on grid points in the neighborhood of the considered molecular group. The general properties of the cyt c heme system were considered for each heme in an equivalent way by using appropriate constraints in the RESP computation. The total charge of the reduced state of heme was zero, while the oxidized heme charge set had a total charge of one positive charge unit. Of that charge difference, 0.23 charge units were confined to the heme iron, while the remainder was allowed to be delocalized within the ring system and the axial ligands. The quantum chemical and RESP calculations were performed for each heme individually, using the heme coordinates of the 1prc structure. The atomic partial charges that we used for the four heme groups are given in Table S1 of the Supplemental Material.
Theoretical framework for the computation of protonation and redox patterns. Since the derivation of the formalism is equivalent for protonation and redox reactions, the respective terms for redox reactions are given in parentheses. The probability 〈x µ 〉 that a specific titratable (redox active) group say µ is protonated (oxidized) in a molecular system with a total of N variably charged molecular groups where each one can adopt two different charge states is given by a thermodynamic average over all 2 N different states (charge patterns) (13) according to
where T is the absolute temperature and R the universal gas constant. In the charge pattern (n), the individual charge state of the titratable (redox active) group µ is denoted by the integer , which adopts the value 0 for unprotonated (reduced) state and 1 for protonated (oxidized) state. The total free energy G ) n ( x µ (n) of the charge pattern (n) of the considered molecular system is expressed as sum over self-energies and pair interactions W
where for a titratable group µ A simple method to obtain an estimate of pK aµ values (redox potentials E µ ) of a particular variably charged group µ is to consider the midpoint values pK 1/2 (E 1/2 ), which are defined as the solution pH value (solution redox potential E sol ), where group µ is with probability 0.5 protonated (oxidized), i.e.
〈x µ 〉 = 0.5. Note that this definition of pK 1/2 and E 1/2 is formally different from that of pK and E m .
One can also probe the redox potential of redox active groups individually while keeping all other redox active groups exposed to the solution redox potential. To enforce this non-equilibrium situation a bias potential E bias is used in Eq. (4) and the E 1/2 of that particular redox active group is obtained as E 1/2 = E bias + E sol , while 〈x µ 〉 = 0.5. little influences form the membrane, as has been shown before (15, 28) . Because of the large dimensions of the protein, the electrostatic potential was calculated by a three step focusing procedure using a grid spacing of 2.5, 1 and 0.25 Å, respectively. The grids with the highest resolution were placed at the center of the considered molecular groups.
Computation of protonation
sampling. The program KARLSBERG was used for this task (28) , which is freely available under the GNU public license (http://agknapp.chemie.fu-berlin.de/karlsberg/). Oxidation probabilities were evaluated at pH 7 by varying the solution redox potential E sol (Eq. 4) yielding the respective E 1/2 potential. To turn off specific coupling between oxidized heme redox states (inter-heme redox coupling), all hemes were kept at a solution redox potential of -200 mV while the heme of interest was subject to an additional bias potential E bias . In this way, all hemes were kept fully reduced except the heme of interest, which was MC titrated by varying the additional bias potential. To probe the dependency of the E 1/2 value on E sol the midpoint redox potentials were determined with a bias potential applied to the individual hemes (17) . Details on the procedure used for the MC titration are given in the Supplemental Material.
RESULTS AND DISCUSSION
Protonation pattern. We calculated the protonation pattern of all titratable groups in the RC and the redox potentials of the four cyt c hemes using three different structures, i.e. the 1prc (1prc-Htitrated) and 2prc (2prc-H-titrated) crystal structures and an annealed version (2prc-H-annealed) of the latter one. These three structures show the same protonation pattern at pH 7, except for a few differences: The 1prc and 2prc crystal structures differ by a total of 3.1 protons affecting 24 residues with the 1prc structure showing the higher overall protonation. Throughout the protein, these differences are almost exclusively located at solvent-exposed residues. A closer inspection of the crystallographic data revealed that the coordinates of these residues or of other residues in their vicinity are only partially resolved, i.e. the side chain ends have zero occupancy. Allowing some of these partially undefined residues to relax in an MD simulation based on the 2prc structure produced the 2prc-H-annealed structure. Figure S1 shows an example of the structural differences within these three structures. The close contact between the terminal side chain nitrogens of Arg-C199 and Lys-C198 in the 2prc structure (N-N distance 2.8 Å) leads to a partial deprotonation of Lys-C198, which is fully protonated in the 1prc and the 2prc-H-annealed structure. In the latter structure, Lys-C198
forms a salt bridge with Asp-C197, which is fully deprotonated in all considered structures. While the crystal structure 1prc exhibits a sensible placing of undefined side chain atoms, these atom positions may not be fully optimized in the crystal structure 2prc. The difference in total protonation 9 between 1prc and 2prc-H-annealed is confined to 17 as compared to 24 residues, but its value is slightly enlarged (from 3.1 to 3.6 protons, compared to the 1prc-2prc difference) due to a higher degree of deprotonation at acidic residues. The most drastic changes in protonation probability between 2prc and the 2prc-H-annealed structure are located on Glu-C48, Glu-C149, Lys-C198 and Glu-C299, ranging from 0.15 to 0.58 protons. An annealing-based optimization considering all undefined atom positions is likely to further reduce these differences but would be beyond the scope of this study. All further stated results refer to the 1prc structure unless otherwise noted. For this structure, all but 15 of the 282 titratable amino acid residues show standard protonation at pH 7.
According to their acidic nature, the heme PR are deprotonated, except for those bound to heme 3.
At pH 7, they appear both to be protonated in the crystal structure 1prc. This unusual protonation state is due to the crowded conformation of the heme 3 PR, whose shortest oxygen-oxygen distance is 2.5 Å only. However, in the 2prc and 2prc-H-annealed structures, where the shortest oxygenoxygen distance between the acidic PR is expanded to 3.0 Å, only PR D was calculated to be protonated.
Since the protonation state of a protein is not known a priori, the optimization of the crystallographically undefined hydrogen atom positions has to be performed without a profound knowledge about hydrogen bonding schemes allowed by the actual protonation state, which can be computed only after defining the molecular system completely. We therefore minimized the hydrogen positions again, using the obtained protonation scheme. This led to small structural changes most relevant around the protonated heme 3 PR. In the corrected structure (1prc-H-titrated), the polar hydrogens of the Tyr-C89 and Tyr-C102 hydroxyl groups and of the Arg-C293 guanidinium group moved away from the protonated PR oxygens by up to 0.25 Å. The protonation pattern computed at pH 7 from this corrected structure was significantly different only at some residues showing unusual protonation with mean changes in protonation of about 3% and maximum changes of up to 20% (Glu-C327) relative to the initial structure (1prc-H). Additionally, these structural changes gave rise to different redox potentials for heme 3. Using the initial structure (1prc-H), a redox potential of 241 mV was computed as compared to the value of 297 mV obtained for the optimized structure. For the other three heme groups these values differed only by up to 3 mV. Further details on the protonation pattern and the redox behavior of heme 3 in the considered structures are given in the Supplemental Material.
Heme redox potentials. The experimental determination of the heme redox potentials is performed by varying the solution redox potential and monitoring the heme redox states by UV-VIS spectroscopy (6, 7) . In doing so, the special pair remains continuously in the reduced state due to its high redox potential of 500 mV (3) and the lack of strong illumination at a wavelength suitable for an effective photo-oxidation. Hence, our computations are based on models where the special pair charges refer to its reduced state. If we instead used the charges of a oxidized special pair, the calculated redox potential of heme 1, which is closest to the special pair, was increased by 15 mV, while the influence on the other hemes was negligible. This result was independent of the structure used for the computations.
The calculated redox potentials of the four hemes are summarized in Table 1 , while the quality of agreement obtained with the 2prc structure was less good. The main reason for these differences seems to be the above described improper placement of several side chain atoms, which leads to a different protonation scheme and therefore a different electrostatic environment of the hemes within the RC structures. This is clarified by the significant improvement achieved with the use of the 2prc-H-annealed structure: Its protonation pattern more closely resembles that of the 1prc structure, and the calculated heme midpoint potentials agree within 50 mV with the experimental values, which we consider to be still a reasonable agreement.
Static influence of the protonation pattern on the heme redox potentials. The results presented here
were obtained with an approach that considers protonation and redox equilibria simultaneously.
Thereby, coupling between changes in protonation and redox states is taken into account.
Additionally, fluctuations in protonation and reduction/oxidation are accounted for by using an MC titration. The influence of such fluctuations was thoroughly investigated and termed "occupational entropy" by Baptista et al. in their study on cyt c 3 from Desulfovibrio vulgaris (32) . In the equivalent treatment used here, a faithful representation of the system is achieved. In previous calculations on the RC by Gunner and Honig (15) , such coupling influences were only partially accounted for by using a static protonation pattern.
To directly assess the differences between a "dynamic" and a "static" treatment of the protonation pattern in determining the heme redox potentials, results obtained with the approach used here were compared to redox potentials obtained with a fixed protonation pattern ( Table 2 ). All protein side chains were constrained to their standard protonation state, which is an approximate but reasonable treatment considering the low number of protein side chains in unusual protonation states. The PR were either left unconstrained or constrained to be ionized on all hemes. Heme 3 was also considered with both of its PR constrained to be protonated, since that is the equilibrium protonation state found in the complete MC titration. The order of the heme redox potentials was still computed correctly for most of these static models, but the absolute values differed. Nevertheless, accounting for the coupling between protonation and redox states leads to a significant improvement. Changes between the "dynamic" and "static" treatments are mostly due to interruption of the coupling between the heme redox centers and nearby titratable residues, as for example Arg-C264 at heme 1, (Fig. 1) . As can be expected from their function and spatial proximity, their redox behavior is strongly coupled. Figure 3 shows the dependence of each midpoint potential on the solution redox potential, which governs the degree of oxidation of each redox active group and is an experimentally accessible parameter. Experimentally, this dependence can not be measured easily, since conventional methods to determine midpoint potentials are limited to conditions near equilibrium where the solution redox potential is close to the midpoint potential of the cofactor in focus.
Nevertheless, this information is crucial to the understanding of kinetic data on ET processes that generally correspond to a non-equilibrium situation of the participating redox active groups (33) .
Theoretical computations enabled us to describe the midpoint potential of a redox active group under varying influences from other redox centers in the system, thereby allowing for a description of interactions between multiple redox active groups.
Hemes, whose redox state has switched from reduced to oxidized, shift the midpoint potentials of nearby hemes to higher values. These shifts describe a redox titration pattern that is similar to a Nernst titration curve ( Compared to the -70 mV midpoint potential of a methionine-histidine ligated heme group in aqueous solution (9) , the reduced states of hemes 1 and 3 are stabilized by 414 meV, respectively 367 meV, within the RC. Nearly one sixth, respectively one quarter of this stabilization energy is due to interactions with the oxidized low-potential hemes. Notably, these interactions are confined to pairs of one low and one high potential heme: Oxidation of heme 3 has no further influence on the midpoint potential of heme 1, probably due to the separating distance. On the other hand, heme 4 is markedly influenced by oxidation of heme 3, which leads to an increase in midpoint potential of 35 mV. Surprisingly, the low-potential heme 2 shows no dependence on the redox state of the highpotential hemes, although it exerts a strong influence on these hemes (Fig. 3) . This apparent asymmetry of inter-heme redox coupling is in contrast to assumptions made in preceding work (15) .
Factors determining heme redox potentials. Generally, midpoint potentials of redox active cofactors in proteins depend strongly on the electrostatic interactions provided by the protein environment. Here, we tried to separate different influences of this environment and to describe their relevance in tuning the heme midpoint potentials.
In contrast to the strong electrostatic shielding in water due to its high dielectric constant of ε S = 80, electrostatic interactions in proteins are much more pronounced. Inside proteins, the value of the dielectric constant is estimated to be as low as ε P = 4, although this value is still a matter of debate and differs depending on the type of application and model description used (14, 24, 34) . For the other hemes, the repulsive interactions of the largely unshielded negative charges of ionized PR force them to be fully protonated.
As the peptide backbone is an integral part of a protein, it may not offer a distinct way to tune midpoint potentials. Nevertheless, its influence has to be taken into account for all further steps considering protein side chains as a mean to tune the values of cofactor redox potentials. To measure the backbone influence on the heme redox potentials independent of influences on the PR protonation, the PR were constrained to bear charges as they do in the complete model (i.e. Table 3 ). Here, charge neutralization is achieved to a substantial extent by direct PR protonation. In the complete model, basic side chains compensate the negative PR charges and also raise the heme redox potentials further on through electrostatic interactions.
Influences of individual charged residues. The placement of acidic and basic side chains, which can carry a unit negative or positive charge, respectively, is a major tool to specifically tune the redox potential of a nearby cofactor. This can influence electrostatic interactions through the medium and, more importantly, through the establishment of bond-like structures in terms of hydrogen bonds and salt bridges. The C chain contains 38 basic and 28 acidic residues including the 8 PR, thus leading to an overall positive electrostatic potential in this part of the RC. The shifts in the heme redox potentials brought about by including charged groups into the RC protein model are for this reason generally positive. Cyt c type hemes can establish hydrogen bonds or salt bridges only through their PR and, to much lesser extent, through their axial ligands. Taking a closer look on the environment of the hemes, some charged residues with direct involvement in PR hydrogen bonding and salt bridge networks or just spatial proximity to the hemes can be identified. We examined the influence of these residues with respect to their charged nature by forcing them to stay in their uncharged state (Table 4 ). Residues closer than 5 Å to any atom of the hemes as well as residues involved in salt bridges with such residues were considered. Figure S3 (15) stated an influence of Arg-C264 on the redox potential of heme 1 of more than twice the magnitude gained from our calculations. However, they omitted the influence of this residue on the PR, an interaction that is crucial for the determination of the heme 1 redox potential.
Complex interactions also account for the results obtained on the two acidic residues in the salt bridge network around the heme 1 PR. Despite their negative charge, Glu-C254 and Asp-M314 exert a stabilizing influence on the reduced state of heme 1, since the buried positive charge of Arg-C264
is stabilized by interactions with these two acidic residues. Absence of this stabilizing effect would lead to a decrease in protonation probability of Arg-C264, which occurs if Glu-C254 or Asp-M314 are neutralized by protonation, yielding a protonation probability of Arg-C264 that is reduced from 0.75 to 0.41 or 0.33, respectively. Since Arg-C264 is much closer to heme 1, the decrease of positive charge on Arg-C264 overcompensates for the loss of negative charge at Glu-C254 or Asp-M314 brought about by protonation of these residues. This interaction scheme is also not taken into account in the calculations of Gunner and Honig (15) .
Since the heme 1 PR are essentially buried in the RC, their charges need to be neutralized by basic residues. This is unnecessary for the heme 2 PR, which are essentially solvent-exposed, and thus their charges are strongly shielded. Therefore, no direct involvement of salt bridges is needed here.
The heme 2 PR are close to the basic residue Lys-C314, which however is involved in a salt bridge with Glu-C21. Accordingly, these charged residues, albeit close to heme 2, have comparatively little influence on its redox potential. The same is true for the salt-bridged pair Asp-C304 -Arg-C306 that has no net influence on the redox potential of heme 2, since the positive and negative charges cancel.
For the salt bridge Arg-C137 -Asp-C35 an overall stabilizing influence on the reduced state of heme 2 can be observed. The action of Asp-C35 on Arg-C137 is similar to that of Asp-M314 on Arg-C264. Under conditions where Asp-C35 is neutral, Arg-C137 is still 20% protonated, whereas it assumes a fully protonated state when Asp-C35 is ionized. If one constrains both of these residues to have zero net charge by protonating Asp-C35 and deprotonating Arg-C137, it turns out that the ion pair contributes a positive electrostatic potential at the site of heme 2, shifting the redox potential by +42 mV. Arg-C272 acts on the redox potential of heme 2 despite their relatively large distances and significantly stabilizes the reduced state of this heme.
Since the PR at heme 3 are protonated, its electrostatic environment is markedly different from all other hemes. PR A is fully protonated under all conditions considered in our computations and PR D is partially deprotonating as heme 3 is changing to its oxidized state (Fig. S2) . Therefore, no need arises to compensate the negative charge of the PR through basic side chains. Nevertheless, the closely located Arg-C293 would be able to establish a salt bridge to PR A, provided that PR A is deprotonated. The 2prc structure shows a more relaxed conformation of the heme 3 PR, leading to a protonation of PR D only. There, PR A is able to establish a salt bridge with Arg-C293. Forcing
Arg-C293 to be deprotonated in the 2prc-H-annealed structure, the redox potential of heme 3 is lowered by 50 mV compared to the unconstrained situation. This is consistent with an influence of the positively charged Arg-C293 that can compensate negative charge at PR A. The salt bridge Arg-C137 -Asp-C35 invokes an up-shift of the heme 3 redox potential by 26 mV, as obtained by neutralizing the side chains of both residues, i.e. deprotonating Arg and protonating Asp. Since Arg-C137 is much closer to heme 3 as is Asp-C35, the influence of the positive charge of the basic group is not completely counterbalanced by the negative charge of the acidic group.
Heme 4 is least buried in the protein volume of the RC. Its PR A is involved in a salt bridge with Arg-C108, which is also interacting with Glu-C99. Although neutralizing Arg-C108 is accompanied with a 25% increase in protonation of PR A, a significant decrease in the heme 4 redox potential is observed. Also here, a single residue plays a crucial role in the determination of a heme redox potential. decreases to 270 mV due to this mutation (25) . We modeled the C264-RK structure based on the 1prc coordinates and calculated the heme redox potentials. The measured and calculated redox potentials of hemes 2 -4 are essentially the same for the mutant and wild type structure. The redox potential of heme 1 was calculated to be 162 mV. This is significantly lower than the experimentally measured value. The titration behavior of heme 1 is strongly coupled to Lys-C264. At a solution redox potential of 170 mV (heme 1 is half way oxidized), Lys-C264 has a protonation probability of 0.53, compared to 0.89 at a solution redox potential of 0 mV. In the wild type structure, Arg-C264 is not as strongly coupled to heme 1, showing a decrease of protonation probability from 1 to 0.82.
This higher degree of coupling in our model of the mutant structure could be due to an overestimation of the cavity generated by the loss of the guanidinium group. Constraining Lys-C264
to titrate similarly as Arg-C264 in the wild type structure, i.e. to carry atomic charges corresponding to 0.75 protons at a solution redox potential of 260 mV (heme 1 is half way oxidized), yields a redox potential of 239 mV for heme 1. With this correction for the overestimated coupling, the calculated value compares well with the experimental value. Even if one considers a slightly stronger coupling with the Lys-C264 protonation reduced to 0.6, the calculated value of 195 mV is still reasonable considering the uncertainties of the model with respect to the coordinates. Additionally, changes in the electronic structure of the porphyrin ring system indicated by the spectral shift of the heme 1 absorption band accompanying the mutation (25) were not taken into account in this solely electrostatic treatment of interactions.
CONCLUSION
In this study, we calculated the redox potentials of the cyt c hemes in the RC from Rps. viridis.
Our results agree with measured data within experimental uncertainty. This is considerably better than previous computations on the same system. Possible reasons for the better quality of our data Redox potentials of cofactors in proteins containing multiple redox active centers, which must experimentally be determined under equilibrium conditions, often differ from the potentials adopted by these groups under physiological or non-equilibrium conditions used for kinetic studies on ET processes. This difference is due to coupling interactions between the redox active centers. We calculated the coupling influences between the hemes in the RC and plotted the working potentials of the heme groups as a function of the solution redox potential, showing that these interactions strongly depend on the redox state of the protein and providing data for the interpretation of ET kinetics.
The redox potentials of the individual hemes are established by the action of several influences.
The reduced state of a heme group is stabilized by the hydrophobic environment of the protein proportionally to the degree of solvent inaccessibility, provided that the bound PR are neutralized. A deprotonation of the PR turns this stabilization into a destabilization. Heme is a unique redox system, fundamentally different from most others, since it is covalently connected to the charge variable PR, which are most important heme redox potential determinants. Therefore, also the solvent accessibility of the PR is of importance for the heme redox potential. The aqueous solvent shields the PR charges and thus promotes their deprotonation, which is observed for heme 2. Filling the protein dielectric medium with atomic point charges from the backbone and neutral side chain atoms leads generally to a stabilization of the heme reduced state independent of the PR protonation.
However, neutralization of PR charges is a prerequisite to obtain heme redox potentials that are (Table 4) .
Generally, influences of single residues can be of a very complex nature as they influence the protonation scheme of the whole protein, leading to charge compensations whose net impact on the redox active group can be either to increase or decrease its redox potential. The redox potentials calculated in this study by replacing single charged residues with neutral ones to probe their influences consider all direct and indirect actions. Some of those mutations considered here should be relevant for kinetic measurements on ET processes, as they change the order of heme redox potentials. For instance, replacing Arg-C137 with a neutral residue should place the redox potential of heme 2 below that of heme 4. Mutations of Arg at position C264 should be particularly interesting, since that residue shifts the heme 1 redox potential so enormously (Table 4) . One mutant of this type was generated by Chen et al. (25) changing Arg to Lys. In our calculations, the impact of this mutation on the heme redox potentials was reproduced. Our results show the general feasibility of a combination of force field and electrostatic computations in the prediction of changes in titration and redox behavior brought about by site-directed mutagenesis.
The investigation of side chain influences covers the most important residues involved in the redox potential tuning. However, the impact of subtle changes between the 2prc and the corresponding 2prc-H-annealed structure, which are seemingly unrelated to the hemes, demonstrates that numerous but comparatively small conformational changes can have a perceptible effect on redox potentials, if these changes alter the protonation pattern of the protein significantly. It becomes clear from the work presented here that one should be cautious to calculate redox potentials by a simple summation of independent influences from individual charged residues because of the complexity stemming from a large number of interacting groups and more importantly of the fact that the interaction patterns of some charged residues have a complex nature by themselves.
Nevertheless, important residues can be identified and their influences on cofactor redox potentials can be understood as we have shown in this study.
We demonstrated that it is possible to gain a thorough understanding of protein redox cofactor tuning from calculations based on electrostatic models and to make predictions about possible mutations that can significantly change redox properties of those cofactors. The heme redox system is different from most other redox cofactors due to the variably charged PR. Since heme proteins function at key points of the living cell, a profound knowledge of these systems is of general importance.
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SUPPLEMENTAL MATERIAL AVAILABLE
The on-line version of this article (available at http://www.jbc.org) contains Supplemental a All titratable protein side chains were fixed in their standard charge state at pH 7, i.e. Asp and Glu with negative and Lys and Arg with positive unit charge, while the PR were left unconstrained.
b All titratable protein side chains were fixed in their standard charge state at pH 7, while the PR were constrained to be protonated for heme 3 and ionized for heme 1, 2 and 4.
c All titratable protein side chains were fixed in their standard charge state at pH 7, while the PR were constrained to be ionized for all hemes. a All atomic partial charges were set to zero except those of the heme in focus, including its axial ligands and PR in the deprotonated state.
b All atomic partial charges were set to zero except those of the heme in focus, including its axial ligands and PR in the protonated state.
c All atomic partial charges were set to zero except backbone atoms and all hemes including their axial ligands and PR. The latter were constrained to the most probable charge state obtained from the complete model. To turn off the inter-heme redox coupling, all hemes were kept at a solution redox potential of -200 mV while the heme of interest was subject to an additional bias potential. All results shown below this table entry were obtained with the same method so that inter-heme redox coupling is absent except where noted.
d All titratable protein side chains were fixed in their neutral charge state except the PR, which were kept in the charge state obtained from the complete model. e All titratable protein side chains were fixed in their neutral charge state, while the PR were left unconstrained.
f All hemes except the heme under consideration is kept in the reduced state of neutral charge. containing the values of the electrostatic potential on a grid in the neighborhood of the heme were generated by the corresponding routine in JAGUAR, using the Van-der-Waals atomic radii from the CHARMM22 parameter set. The general properties of the cyt c heme system were considered for each heme in an equivalent way by using appropriate constraints in the RESP computation. The total charge of the reduced state of heme was zero, while the oxidized heme charge set had a total charge of one positive charge unit. Of that charge difference, 0.23 charge units were confined to the heme iron, while the remainder was allowed to be delocalized within the ring system and the axial ligands.
In the first stage of the RESP run, the partial charge for the heme iron was set to +0.48 for the oxidized and +0.25 for the reduced state to avoid negative charges on iron resulting from the RESP fitting procedure (4) . Leaving the iron charge free can lead not only to negative charges on the iron but also to charges on iron and pyrrole nitrogens that are of unreasonable magnitude. However, the usage of atomic partial charges derived without constraining the iron charge yields virtually the same results in electrostatic energy computations. Redox potentials obtained for constrained and unconstrained condition differ by only up to 3 mV (unpublished results). Therefore, the constraints on the iron charges can be used and lead to charges that harmonize with charge parameters used in the CHARMM22 force field.
In the first stage of the RESP run, further constraints were necessary to compensate for the truncation of the PR groups, axial ligands and cysteine side chains attached to heme: The hydrogen atom replacing the histidine C β atom at the imidazole ring was constrained to have a partial charge of 0.09 (4). The methyl groups remaining from the PR were constrained to have zero net charge. All hydrogen atoms of ethylmethylthioether were fixed to a charge of 0.09, except for the one replacing the C α atom of Met, whose charge was constrained to zero, while the charge of the carbon atom corresponding to the C β atom in Met was constrained to 0.18. Hydrogen atoms on the cysteine C β atom were constrained to a value of 0.09. The existence of two approximate mirror planes perpendicular to the heme plane was taken into account by symmetrizing the atomic partial charges of the pyrrole ring atoms and of the cysteine C β and S γ atoms. In the second stage of the RESP run, all hydrogens atoms within each CH 2 or CH 3 group were constrained to have equal partial charges while all previous determined charges except those of methyl and methylene carbons were kept fixed. Dipole moments calculated from these charge sets were in all cases very well comparable to dipole moments derived directly from the wave functions. The mean deviation was 0.21 Debye with maximum differences of 0.43 Debye.
The quantum chemical and RESP calculations were performed for each heme individually. This was necessary, since the axial ligands are present in different composition (bis-histidine and methionine-histidine) and orientations, which influence the atomic partial charges of the pyrrole ring system (Ref. 5 and references therein). With this procedure, conformational variations in the porphyrin atom skeleton of these hemes that are due to the protein environment were also taken into account. Computations of heme redox potentials yielded generally poorer agreement with experiment if the heme atomic charges were computed using the 2prc crystal structure instead of using the 1prc crystal structure. However, since the axial ligand orientations are the same in both crystal structures, the charge sets derived from 1prc heme coordinates were also used for calculations on the 2prc structure. The atomic partial charges that we used for the four heme groups are given in Table S1 .
Monte Carlo Titration. The MC sampling was performed at 300K with 1000 full MC scans followed by 10,000 reduced MC scans. In one MC scan it was attempted to change the charge states of the randomly chosen variably charged groups one time on the average. In the reduced MC scans the titratable residues, which after an initial equilibration with full MC scans remained in a fully protonated or deprotonated state, were kept fixed at that protonation state, resulting in a reduced number of variably charged groups. The error of this MC titration procedure quantified as standard deviation was less than 0.01 protons/electrons for each titratable group. For titration curves, the pH was varied from 0 to 14 in steps of 0.125 pH units at a solution redox potential of E sol = 0 mV.
Oxidation probabilities were evaluated at pH 7 by varying the solution redox potential E sol yielding the respective E 1/2 potential. To turn off specific coupling between oxidized heme redox states (interheme redox coupling), all hemes were kept at a solution redox potential of -200 mV while the heme of interest was subject to an additional bias potential E bias . In this way, all hemes were kept fully reduced except the heme of interest, which was MC titrated by varying the additional bias potential.
To probe the dependency of the E 1/2 value on E sol the midpoint redox potentials were determined with a bias potential applied to the individual hemes (6) . Redox titration curves were generated by varying E sol (E bias ) from -200 to +500 mV in steps of 25 mV.
RESULTS
Protonation pattern. In the 1prc structure all but 15 of the 282 titratable amino acid residues show standard protonation at pH 7. Four of them are located in the C chain of the RC: Its N-terminus is slightly deprotonated (protonation probability 0.89), Glu-C79 and Glu-C327 appear to be almost completely protonated (0.83 and 0.95, respectively), whereas Glu-C219 is slightly protonated (0.18).
Residues showing standard protonation are either solvent-exposed or involved in salt bridges.
A difference in the protonation pattern of the structures 1prc and 2prc, which is probably only remotely connected to the heme redox behavior, is the protonation of Glu-C79. This is one of the residues that are considered to play a crucial role in binding of the soluble electron carrier cyt c 2 as derived by theoretical model building and mutational analysis on the homologous RC of Rubrivivax gelatinosus (7) . Accordingly, the Glu residues C67, C79 and C93 are supposed to establish salt bridges with the lysine residues 11, 78 and 71 of cyt c 2 , respectively. Experimental estimates about the number of interacting charge pairs were derived from the ionic strength dependence of complex formation, giving values of 2.5 (8) or 3.5 (9). Our finding that Glu-C79 has a tendency to be partially protonated while Glu-C67 and Glu-C93 are ionized supports a non-integer value of the number of charge pairs. This was much more pronounced in the 1prc structure, where the protonation probability for Glu-C79 was computed to be 0.83, than in the annealed 2prc structure where this value was 0.13.
Heme 3 in different structures. Different results were obtained for the heme 3 redox potential in the 1prc structures with hydrogen positions optimized considering the actual protonation scheme of the RC (1prc-H-titrated) or the standard protonation of all titratable residues (1prc-H). Using the latter structure, a redox potential of 241 mV was computed for heme 3 as compared to the value of 297 mV obtained for the optimized structure. For the other three heme groups these values differed only by up to 3 mV. The change in the heme 3 redox potential seems to be due to the different redox coupling of the porphyrin ring system with the PR groups at heme 3. At solution redox potentials that equal the respective heme 3 midpoint potentials, PR D of heme 3 is only 48% protonated in 1prc-H compared to 58 % in 1prc-H-titrated. The larger negative charge on PR D destabilizes the reduced state of heme 3 in 1prc-H relative to that in 1prc-H-titrated. The large sensitivity of heme redox potentials on subtle structural details of hydrogen atom coordinates as found here was restricted to heme 3 only and not experienced to such an extend before. Seemingly, the peculiar conformation of the two PR at heme 3 with the close proximity of the acidic groups leads to a delicate charge state with partial protonation on both PR groups that is very sensitive to structural details and small structural changes in the immediate neighborhood.
Also, the behavior of the PR groups of heme 3 is different in the 1prc and the 2prc-H-annealed structure. Their protonation state is strongly coupled to the redox behavior of heme 3. In the 2prc-Hannealed and 2prc structures PR A is deprotonated, while this group is protonated in the 1prc structure regardless of the redox state of heme 3. PR D of heme 3 is protonated in both 2prc
structures independent of the heme redox state as well as in structure 1prc, provided that heme 3 is reduced. On the other hand, the strong interaction between the heme redox center and the PR promotes the deprotonation of PR D during heme oxidation in the 1prc structure. PR D of heme 3
has a protonation probability of only 58% at a solution redox potential equal to the midpoint potential of that heme (see Fig. S2 ). In this way, at solution redox potentials above 250 mV where heme 3 starts to get oxidized, the heme 3 PR in the 1prc and the annealed structure become more similar with respect to their total protonation, giving rise to comparable values of the computed redox potentials for heme 3. Figure S1 . Arrangement of the surface loop residues C197 to C199. Asp-C197 dark gray, Arg-C199 and Lys-C198 light gray are displayed as ball-and-stick models. Hydrogens are omitted for clarity. (A) 1prc crystal structure (10) . (B) 2prc crystal structure (11) . (C) Annealed structure based on 2prc. The figure was generated using MOLSCRIPT (12) and Raster3D (13) . Charged residues close to the heme of interest are displayed as ball-and-stick models with acidic residues in dark gray and basic residues in light gray. All sequence information refers to the C chain unless otherwise stated. The figure was generated using MOLSCRIPT (12) and Raster3D (13) . The atomic coordinates on which the computations are based are available via the Internet on the web page: http://agknapp.chemie.fu-berlin.de.
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